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Although quantification of exercise thallium images has 
been previously reported, the relative value of different 
imaging variables for detection of coronary artery dis•
ease has not been analyzed in a large group of patients 
with cardiac catheterization data. Regional initial thal•
lium uptake, redistribution and clearance on thallium 
study were measured in 325 patients also undergoing 
cardiac catheterization (281 patients with and 44 patients 
without coronary artery disease). Normal values were 
defined in 55 other clinically normal subjects. When five 
myocardial segments were analyzed in each view, the 
respective values for sensitivity and specificity were 95 
and 50% for initial thallium uptake, 60 and 87% for 
redistribution and 74 and 66% for clearance. Initial thal•
lium uptake was the most sensitive but least specific 
(p < 0.001), whereas redistribution was the least sen•
sitive and most specific (p < 0.001). 
Using stepwise logistic regression analysis, the best 
Exercise thallium myocardial imaging is widely used to 
evaluate patients with suspected coronary artery disease 
(1-10). Traditionally, images have been assessed qualita•
tively. Defects on the initial image suggest coronary artery 
disease (1-5). Fill-in of these defects (redistribution) on the 
delayed image suggests hypoperfused viable myocardium 
(11,12). However, the qualitative approach may be limited 
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correlate of coronary artery disease was initial thallium 
uptake. Addition of redistribution to a mathematical 
model of the probability of coronary artery disease did 
not alter sensitivity, but increased specificity from 50 to 
70% (p < 0.001). Once initial uptake and redistribution 
were considered, myocardial thallium clearance pro•
vided no additional improvement in the correlation. Ex•
cluding the two basal segments in each view from the 
analysis increased the specificity from 70 to 80% (p < 
0.001) without affecting sensitivity. Of the 15 patients 
(5%) with coronary disease not detected using this ap•
proach, none had left main disease and 10 (67%) had 
one vessel disease. A combination of variables derived 
from quantification of exercise thallium images provides 
a superior sensitivity and specificity for the detection of 
coronary artery disease compared with the use of a single 
variable. 
(J Am Coil CardioI1986;7:527-37) 
by observer variability and imprecision of subjective image 
interpretation (13,14), Computer quantification has been 
proposed for more objective and precise image analysis 
(15-20). 
There are several ways of analyzing thallium distribution 
on serial myocardial images. In some studies, coronary ar•
tery disease has been diagnosed by the presence of heter•
ogeneous regional thallium uptake (15, 16), whereas in oth•
ers it has been determined by either thallium uptake or 
washout that was outside a defined range of normal (17-20). 
However, the relative utility of each method for detection 
of coronary disease has not been defined in a large number 
of patients. Accordingly, we compared initial thallium up•
take, redistribution and clearance with coronary anatomy in 
325 patients undergoing exercise thallium imaging and car•
diac catheterization for the evaluation of chest pain, Criteria 
for abnormality for these variables were based on the find•
ings in 55 other normal subjects. The values for each vari-
0735-1097/86/$3 50 
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able in the patients with catheterization were compared with 
these normal criteria. A stepwise logistic regression analysis 
model was used to define the combination of quantitative 
thallium variables that best correlates with the presence or 
absence of coronary artery disease. The data suggest that a 
combination of selected variables is better than a single 
variable for coronary disease detection. 
Methods 
This study of 380 patients consisted of two parts. In part 
I normal values were determined in 55 clinically normal 
subjects; in part II these criteria were applied to 325 patients 
studied at cardiac catheterization. 
Patients. Part I involved 55 normal subjects referred 
for exercise thallium imaging. There were 39 men and 16 
women, all less than age 45 years (34 ± 5, mean ± 1 SO). 
Normality was defined by a normal physical examination, 
normal electrocardiogram at rest, no hypertension, greater 
than 85% of maximal predicted heart rate with exercise and 
no chest pain or electrocardiographic changes during ex•
ercise (21). These criteria of normality were chosen instead 
of the absence of stenoses at coronary angiography, which 
may be associated with functional abnormalities of coronary 
perfusion (22-25). The criteria were deliberately selected 
to provide a narrow normal range so that sensitivity in pa•
tients with suspected coronary disease would be maximized, 
at the expense of specificity. 
Part II involved 325 patients who had exercise thallium 
imaging and cardiac catheterization. These patients were 
divided into two groups: 281 patients with coronary artery 
disease (249 men and 32 women, mean age 53 ± 9 years) 
Figure 1. Illustration of the selection of X, Y coordinates of the 
center of a myocardial thallium image (anterior view) in a 64 x 
64 pixel matrix. It also illustrates the angle of rotation (8) between 
the long axis of the image and the vertical plane in the superior 
axis. 
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Figure 2. Placement of the inner and outer ellipses and exclusion 
of the basal portion of the thallium images. A, The outer ellipse 
is placed one pixel outside myocardial activity. B, The myocardial 
thickness (t) is chosen and the inner ellipse is automatically formed 
concentrically inside the outer ellipse. C, The outflow tract and 
base are defined by an angle subtended from the long axis to the 
outer ellipse. 
and 44 patients with no coronary disease (23 men and 21 
women, mean age 52 ± 13 years), normal wall motion and 
ejection fraction (>0.50) on contrast left ventriculography 
and a left ventricular end-diastolic pressure at rest less than 
13 mm Hg. Of the 281 patients with coronary artery disease, 
87 had one vessel, 85 had two vessel, 90 had three vessel 
and 19 had left main disease; 131 had a myocardial infarc•
tion by electrocardiogram (defined as a 0.04 second or greater 
Q wave). Fifteen patients with and 15 without coronary 
disease were randomly selected for assessment of observer 
variability. 
Coronary arteriography. Coronary arteriography was 
performed in part II patients and coronary artery disease 
was defined as a 50% or greater luminal narrowing of one 
or more major coronary arteries or their major branches 
based on the average score of two experienced independent 
observers. The major branches included the diagonal branch 
of the left anterior descending artery, obtuse marginal branch 
of the left circumflex artery and posterior descending branch 
of the right coronary artery in a right dominant system or 
left circumflex artery in a left dominant system (21 patients). 
In 14 patients, a ramus intermedius artery was present and 
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Figure 3. Background at each myocardial. pixel (p) is ~etermined 
from all points (i) on the background elhpse. dependmg on the 
distance (d) between i and p and the angle (0) between p and two 
perimeter points on either side of i. LV = left ventricular. 
this artery was considered equivalent to the diagonal branch 
of the left anterior descending artery. 
Acquisition of exercise thallium images. All patients 
exercised in a fasting state using the Bruce protocol (26). 
The medical regimen was not altered before the test. Base•
line electrocardiogram, heart rate and blood pressure were 
recorded at rest and at each minute of exercise. Exercise 
was terminated when fatigue, angina, dyspnea, hypotension 
or severe ventricular arrhythmias occurred. At peak exer•
cise, 2 mCi of thallium-20l was injected and the patient 
was encouraged to exercise for an additional 45 to 60 sec•
onds. Initial (after 5 minutes) and delayed (after 3 to 4 hours) 
images were performed in three projections, as previously 
reported (14,27-29). In part I (normal subjects), 10 of the 
55 subjects had serial thallium images at three points in time 
(5 and 30 minutes and 4 hours after thallium injection) for 
the purpose of comparing clearance when two versus three 
time points were measured. 
Computer quantification of thallium images (28, 
30). Images were collected in a 64 X 64 word matrix and 
transferred to a minicomputer (V AX 111780, Digital Equip•
ment Corporation). The images were analyzed and displayed 
with the assistance of a frame buffer (DeAnza Systems) 
which was interfaced with the computer. The steps involved 
in this computer program and comparison with previously 
Figure 4. The segmentation of the left ventricle into five segments 
per view. LAO = left anterior oblique. 
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Figure 5. This graph illustrates the two methods. of e~p~essing 
thallium clearance. The Y axis is thallium myocardial actIVIty and 
the X axis is mmutes after injection. A monoexponential fit is 
applied to the activities and clearance is expressed as a half-.life 
of thallium in the myocardium (in hours). In most other studies, 
clearance IS expressed as the percent washed out between the initial 
and delayed images extrapolated a certain time after the thallium 
injection (63% at 4 hours). 
described programs are presented in the Appendix (Fig. 1 
to 5). Once regional activity in the initial and delayed images 
was measured, three aspects of regional myocardial thallium 
distribution were analyzed: initial uptake, redistribution and 
clearance (Tables 1 to 3). 
J) Initial thallium uptake. This was considered normal 
or abnormal by two methods. Method A defined abnormality 
as segmental initial uptake less than the lower limit of a 
normal range. This is similar to other quantitative ap•
proaches (18,19). The lower limit in normal subjects is 
shown in the first column under Initial Activity in Table 3. 
Method B defined abnormality as a greater than normal 
difference in activity between adjacent segments. The limit 
of differences in normal subjects is shown in the second 
column under Initial Activity in Table 3. 
2) Regional redistribution of thallium. Previous inves•
tigators (17-19,31) have used either the comparison of the 
ratio of thallium activity between adjacent segments in the 
initial versus delayed image or a negative thallium clearance 
to denote redistribution. In our computer approach, clear•
ance was considered separately and redistribution was quan•
tified by comparison with the most normal (hottest) segment, 
which is analogous to how it is assessed visually. For this 
analysis, redistribution could occur only in segments defined 
as having decreased initial thallium uptake by method A. 
Two methods were used to determine whether an initial 
defect exhibited redistribution. In method A, activity in each 
segment in the delayed image was increased by the amount 
necessary to maintain constant activity in the hottest segment 
in the initial versus the delayed image. With this "nor•
malization" to the hottest segment in the initial image, initial 
segments presumed to be normal would not change in the 
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Table 1. Regional Thallium Myocardial Activity ('!O) In 55 Normal Subjects 
NonnalIzed 
Segment Initial Image Delayed Image Delayed Image 
Antenor vIew 
70 ± 8* 32 ± 5* 76 ± 12* 
2 91 ± 4 40 ± 7 95 ± 8* 
3 89 ± 5 36 ± 7 86 ± 10 
4 87 ± 6 36 ± 6 87 ± 10 
5 62 ± 8* 26 ± 6* 63 ± II * 
50° LAO view 
I 73 ± 8* 33 ± 7* 71 ± 8* 
2 92 ± 4 38 ± 7 86 ± 6 
3 88 ± 5 36 ± 7 86 ± 6 
4 84 ± 5 36 ± 7 82 ± 7 
5 65 ± 9* 30 ± 8* 63 ± 9* 
70° LAO vIew 
1 71 ± 6* 30 ± 5* 70 ± 7* 
2 90 ± 4 38 ± 5 90 ± 7 
3 89 ± 6 36 ± 6 88 ± 7 
4 90 ± 5 38 ± 6 89 ± 7 
5 72 ± 9* 32 ± 6* 71 ± 9* 
*p < 0.01 compared wIth adjacent segments In the same vIew Values are mean ± I SO and are expressed 
as a percent. LAO = left antenor oblIque. 
delayed image. Abnormal initial segments that also did not 
change on the delayed images were considered persistent 
defects. Abnormal initial segments that increased in the 
delayed images were considered to have filled in (redistri•
buted). Criteria for the increase in activity of an abnormal 
initial segment needed to define redistribution were based 
on the segmental activity in the initial versus the normalized 
delay image in normal subjects. The maximal increase per-
Table 2. Regional Myocardial Thallium Clearance in 55 
Normal Subjects 
Monoexponential Percent Washout 
Segment (tIle In hours) at 4 Hours 
Antenor vIew 
3.6 ± 08 54 ± 8 
2 3.5 ± 0.7 56 ± 8 
3 3.1 ± 0.7* 60 ± 8* 
4 3.3 ± 0.6 58 ± 7 
5 3.4 ± 0.8 57 ± 9 
50° LAO view 
I 3.6 ± 09* 55 ± 8* 
2 3.3 ± 0.6 58 ± 7 
3 3.2 ± 0.6 59 ± 7 
4 3.4 ± 0.7 57 ± 7 
5 3.7 ± 0.8* 53 ± 9* 
70° LAO vIew 
1 3.4 ± 0.7 57 ± 7 
2 33 ± 0.5 58 ± 8 
3 3.1 ± 0.6* 60 ± 7* 
4 3.3 ± 0.6 57 ± 6 
5 3.6 ± 0.8* 55 ± 8* 
*p < 0.01 compared with adjacent segments in the same view 
LAO = left anterior oblique 
mitted in normal subjects is depicted in the third column in 
Table 3. This method assumes that the hottest segment in 
the initial image is normal, but permits detection of small 
amounts of redistribution. Because the hottest segment may 
also be abnormal, a second method (method B) of measuring 
redistribution was used. In method B, redistribution was 
similarly present only if a segment had decreased activity 
in the initial image by method A and the corresponding 
segment in the delayed image was normal. With this method, 
a delayed segment became normal if the ratio of activity in 
that segment to the activity in the hottest segment in that 
image was within limits defined in the normal (part I) pa•
tients. This second method measures only complete redis•
tribution and does not measure partial redistribution. The 
criteria for defining normality on the delayed image are 
shown in the fourth column in Table 3. 
3) Regional myocardial thallium clearance. Thallium 
myocardial clearance was determined by two methods. In 
method A, a monoexponential curve was fitted to the thal•
lium activity in the initial and delayed images in each seg•
ment knowing the time interval between these images and 
assuming that activity at infinite time was zero. A mono•
exponential fit was chosen because of experimental data 
suggesting that after peak uptake myocardial thallium clear•
ance is monoexponential and not linear (32). Clearance us•
ing this method was expressed as a half-life of thallium in 
each segment in hours. In method B, the percent decrease 
in the thallium activity between the initial and delayed im•
ages for each segment was determined. The method assumes 
a linear clearance and is based on an extrapolation of delayed 
activity at 4 hours (17). 
lACC Vol 7, No 3 
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Table 3. Criteria for Abnonnality for Computer Analysis of Thallium Images in 55 Normal Subjects 
Segment 
Anterior view 
2 
3 
4 
5 
500 LAO view 
I 
2 
3 
4 
5 
700 LAO view 
I 
2 
3 
4 
5 
Imtial Activity (%) 
Method A Method B 
53 
36 
82 
15 
79 
14 
75 
37 
44 
56 
27 
83 
17 
77 
17 
73 
36 
46 
58 
32 
83 
15 
77 
14 
78 
33 
54 
LAO = left anterior oblique; Seg = segment. 
Method A 
(%) 
12 
12 
16 
14 
15 
9 
12 
10 
10 
8 
8 
9 
9 
9 
8 
Seg I 
0.60 
0.64 
0.63 
0.88 
0.65 
0.66 
0.71 
0.80 
0.62 
063 
0.57 
0.63 
In most exercise thallium studies, only two sets of data 
are collected in each view: initial and 3 to 4 hour delayed 
images. Previous investigators (18,19,28) have used these 
two time points to determine thallium clearance using either 
a monoexponential or a linear fit. To determine whether 
acquiring serial data at two versus three points in time affects 
the calculation of thallium clearance, 10 normal subjects 
had thallium clearance derived using both methods and these 
values were also compared. 
Statistical analysis. All values were expressed as mean 
± I SD. To determine whether mean differences were 
significant, a two-way analysis of variance with repeated 
measures was used (BMDP:P2V, Department of Biomath•
ematics, University of California at Los Angeles, revised 
1983). Differences in means were considered significant at 
a probability (p) of less than 0.01 after implementing the 
Bonferroni correction for multiple comparisons. The value 
of each of the variables in each segment in part II patients 
was determined to be within or outside the range of normal 
as defined in part I of the study. The sensitivity and spec•
ificity of each criterion for detection of coronary artery dis-
Redistribution 
Method B (ratio) 
Seg 2 Seg 3 Seg 4 
0.60 0.64 0.63 
0.88 0.84 
0.88 078 
0.84 0.78 
1.06 0.98 1.0 
0.65 0.66 071 
0.82 0.82 
0.82 0.83 
0.82 0.83 
0.85 0.83 0.88 
0.62 0.63 0.57 
0.82 0.73 
0.82 0.74 
0.73 0.74 
0.95 0.75 0.95 
Seg 5 
088 
1.06 
0.98 
1.0 
0.80 
0.85 
0.83 
0.88 
0.63 
0.95 
0.75 
0.95 
Clearance 
Method A 
(hours) 
5 
5 
5 
5 
5 
6 
6 
6 
5 
7 
5 
5 
5 
5 
5 
Method B 
(%) 
39 
40 
44 
44 
39 
39 
45 
45 
43 
34 
42 
45 
46 
44 
40 
ease were compared using a comparison of proportions 
(McNemar's test). The significance level ofp less than 0.001 
was adjusted for multiple comparisons using the Bonferroni 
correction. 
Stepwise logistic regression analysis was used to derive 
a probability equation that combined variables to optimize 
the differentiation of patients with and without coronary 
disease. With six thallium variables computed for each of 
the 15 myocardial segments (5 segments in each of the three 
views), 90 criteria were determined for each patient based 
on the quantitative thallium data. The criteria were entered 
in a binary fashion. If a segment was within the normal 
range, it was labeled 0, and if it was not, it was labeled 1. 
The number of segments showing a particular abnormality 
was then added. Stepwise logistic regresslOn analysis 
(BMDP:PLR) chooses the significant variables and weighs 
each variable in relation to its role in determining the prob•
ability of disease (27,29). The stepwise computations are 
based on the maximal likelihood ratio. In the logistic regres•
sion model, all variables are ranked in the order of their 
ability to predict coronary artery disease using their chi-
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square values. The higher the chi-square value. the more 
important the variable is for predicting coronary artery dis•
ease. The variable with the highest chi-square value is in•
cluded first. This entire process is then repeated in a stepwise 
manner. If another variable has any additive predictive value. 
it is included in the model. This process is continued until 
no remaining variables have significant chi-square values. 
Interobserver variability was determined by two inde•
pendent observers who analyzed the thallium images of 30 
catheterized patients separately. To measure the intraob•
server variability, the first observer repeated the analysis 6 
months later. Inter- and intraobserver errors were calculated 
for the initial and delayed average regional thallium activity 
in all five segments in each of the three views using a 
components of variance model (BMDP:P8V). Error was 
expressed as the square root of the estimated variance. 
Because of a higher observer variability in the basal seg•
ments (one and five) subsequently noted in this study, we 
determined the effect of excluding these two segments in 
each view on sensitivity and specificity. Accordingly, all 
statistical analyses performed using five segments per view 
were repeated with only three segments (two, three and four) 
in each view (excluding basal segments one and five) and 
the results were compared. 
Results 
Part I: Normal Subjects (n = 55) 
The thallium uptake in the initial and delayed images of 
55 normal subjects is shown in Table I. In addition, the 
activity in the delayed image after normalization for redis•
tribution method A is shown. Regional heterogeneity in 
uptake was evident and was most conspicuous in the basal 
JACC Vol 7, No 3 
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segments (p < 0.005). Thallium activity in the delayed 
image was less than in the initial image for all segments 
(p < 0.0001). 
The regional clearance afthalliumfrom the myocardium 
is shown in Table 2, expressed as the half-life in hours of 
a monoexponential clearance and the percent clearance be•
tween initial and delayed images at 4 hours. Intersegmental 
differences in the normal clearance of thallium were ob•
served (p < 0.005). In 10 normal subjects imaged at three 
serial times after injection of thallium (5 and 30 minutes 
and 4 hours), there was no significant difference in the 
calculated half-life of thallium when two time points (5 
minutes and 4 hours) were analyzed rather than all three 
time points. 
From these measurements in normal subjects, the 2 SD 
limit of each variable in each segment was determined (Ta•
ble 3). For initial activity method A, it was the lower limit 
of initial activity; for initial activity method B, it was the 
maximal difference between adjacent segments. For redis•
tribution method A, it was the maximal increase between 
the initial and normalized delayed image; for redistribution 
method B, it was the lowest value for the ratio of a segment 
to the hottest segment in the delayed image. For clearance 
method A, it was the maximal half-life in hours; and for 
clearance method B, it was the lowest percent washout after 
4 hours. 
Part II: Patients With Cardiac Catheterization 
(n = 325) 
Sensitivity, specificity and diagnostic accuracy of each 
criterion. The sensitivities and specificities of the criteria 
for the detection of coronary artery disease are presented in 
Table 4. Of the two methods of determining initial thallium 
Table 4. Sensitivity and Specificity of Each Quantitative Thallium Variable 
Five Segment, per View (%) Three Segments per VIew (%) 
SensItivIty Specificity Sensltivay SpeCIficity 
Criterion (n = 281) (n = 44) (n = 281) (n = 44) 
initJal uptake 
Method A 95 50 95 66 
t t t t 
Method B 62 77 62 80 
RedIstribution 
Method A 36 87 36 91 
Method B 43 87 43 91 
t t 
Method A or B 60 87 60 91 
Clearance 
Method A 74 66 69 77 
* t t 
Method B 84 16 73 23 
*p < 0,01. dIfference between adjacent values; tp < 0,001, difference between adjacent values, 
lACC Vol 7, No 3 
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Table 5. Relation Among Five Value, for Probability and 
Sensitivity. Specificity and Diagnostic Accuracy Analyzing 
Three Segments (two. three and four) in Each View Only 
DIagnostic ProbabIlity 
Sensittvity SpecIficIty Accuracy Threshold 
('7c) (%) (%) for CAD 
95 50 87 0,51 
90 80 88 069 
85 80 85 081 
80 90 80 088 
70 95 75 095 
CAD = coronary artery dIsease. 
uptake, method A is more sensitive, while method B is 
more specific, Eighty-eight of the 90 patients with three 
vessel disease and all 19 patients with left main coronary 
disease were detected by abnormal initial uptake by method 
A, Of the 14 patients with coronary disease and normal 
initial uptake. 10 had one vessel disease including 7 with 
right, 2 with left circumflex and I with left anterior de•
scending artery disease, Of 267 patients with coronary artery 
disease and abnormal initial uptake by method A. 203 (72%) 
also had abnormal thallium clearance by method A, Of 14 
patients with coronary disease and normal initial uptake, 10 
had abnormal clearance, whereas of 78 patients with coro•
nary disease and normal thallium clearance. 64 had abnor•
mal initial uptake, Of the 44 patients with no coronary 
disease. 22 (50%) had abnormal initial uptake. 15 (34%) 
had abnormal clearance and 9 (20%) had both abnormal 
uptake and clearance, 
There was no difference in the sensitivity of any of the 
KAUL ET AL. 533 
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criteria for coronary artery disease when basal segments 
were used (five segments in each view) or excluded (three 
segments in each view), However. the specificity of deter•
mining initial thallium uptake by method A and thallium 
clearance by method A was better (p < 0,01) when only 
three rather than five segments were included, When three 
segments were considered. 195 (69%) of 266 patients with 
coronary artery disease and abnormal initial uptake also had 
abnormal thallium clearance; 190 (67%) had both, Of the 
15 patients with coronary artery disease and normal initial 
thallium uptake by method A. 10 had abnormal thallium 
clearance. whereas of 86 patients with coronary disease who 
had normal thallium clearance. 76 had abnormal initial thal•
lium uptake, Of the 44 patients with no coronary disease, 
15 (34%) had an abnormal initial uptake, 10 (23%) had 
abnormal thallium clearance and 5 (11%) had both, Of 87 
patients with one vessel disease, 14 (16%) had abnormal 
clearance in a territory remote from the perfusion bed of 
the stenosed artery, which was presumed to have normal 
perfusion, Initial uptake in these regions was normal. 
Stepwise logistic regression for detecting coronary ar•
tery disease. Of the thallium variables, stepwise logistic 
regression analysis selected three for computing the prob•
ability of coronary artery disease in 325 patients with cardiac 
catheterization: method A of determining initial thallium 
uptake and methods A and B of determining redistribution, 
Clearance did not improve the probability once initial uptake 
and redistribution were chosen, When redistribution was 
excluded, the model accepted clearance method A only and 
clearance method B was not included, However, in this 
case. sensitivity of the model was less than when initial 
Table 6. Observer Error in the Determination of Regional Thallium Activity 
Interobserver Error Intraobserver Error 
Segment Initial Delayed Imtlal Delayed 
Antenor view 
0.7 19 10 0,6 
2 0,2 I 2 0,7 0.6 
3 0.2 I 3 0,7 07 
4 06 2.0 09 02 
5 38 45 28* 2.3* 
50° LAO view 
I I 3' 04 1.4* 09 
2 03 07 0.3 07 
3 0.7 0.7 09 0.7 
4 0.7 09 06 10 
5 0.7 1.5* 1.7* I 2 
70° LAO view 
I 07 1.3* 06 06 
2 0.3 08 0,6 0.4 
3 0.3 0.4 0.4 0,5 
4 09 0.6 0.5 0.5 
5 1.9* 0,5 1.4* 03 
*p < 0,01 compared WIth other values In the same vIew. LAO = left anterior oblique. 
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uptake and redistribution were included (80 versus 90%. 
p < 0.001) for the same 80% specificity. 
Using three segments in each view for analysis, the prob•
ability of coronary artery disease, P (CAD), was expressed 
by the following equation: 
e( -0 49 + 099a + 072b) 
P (CAD) = 1 + e(-049 + 099a + 072b) , 
where 0.49 is a constant, a == number of segments dem•
onstrating abnormal initial uptake by method A and b == 
number of segments demonstrating redistribution by either 
method A or B. 
When the derived probability of coronary artery disease 
from 0 to J .0 in each patient was compared with the known 
presence or absence of coronary disease, a range of sen•
sitivities, specificities and diagnostic accuracies were de•
rived for the model depending on the threshold probability 
above which the diagnosis of coronary artery disease is 
accepted (Table 5). With a low probability needed to di•
agnose coronary artery disease, sensitivity is maximized; 
with a high probability. specificity is maximized. We chose 
a threshold probability of 0.69 for the three segments per 
view analysis. At this level, sensitivity was 90% and spec•
ificity was 80%. In contrast, use of all five segments per 
view had a similar sensitivity, but a lower specificity (70%) 
(p < 0.01). 
Observer variability. The interobserver and intraob•
server errors are shown in Table 6. These errors (square 
root of the variance of the difference) are small compared 
with a typical value of 80 or 90 for thallium activity in a 
segment. The inter- and intraobserver errors are highest in 
the basal segments. There was no difference in observer 
error between segments two, three and four in any view. 
Discussion 
In most previously reported computer approaches to thal•
lium imaging (15-20), only one variable is used to deter•
mine whether a patient has coronary artery disease. How•
ever, thallium kinetics are complex and therefore we postulated 
that the diagnostic yield could be improved by using a com•
bination rather than a single variable. Our data demonstrate 
that of six variables of thallium myocardial distribution, 
combining selected variables optimizes sensitivity and spec•
ificity of exercise thallium imaging for the detection of coro•
nary artery disease. 
Normal quantitative thallium variables. Although re•
gional homogeneity is considered the hallmark of the normal 
thallium image by qualitative assessment, our data dem•
onstrate that regional differences normally exist, mostly be•
cause thallium activity is lower in the basal segments. There 
may be several reasons for this reduced activity. The basal 
segments are near the left ventricular outflow tract and the 
amount of myocardium included may be less than in other 
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segments; the great vessels overlying these segments may 
attenuate the actual counts; and the basal segments are far•
ther from the detector and subject to more attenuation. 
In contrast, thallium myocardial clearance has a narrow 
range in normal subjects. with small segmental differences 
noted. In IO normal subjects, clearance rates based on three 
time points were similar to those using only initial and 
delayed values. Therefore. it appears to be unnecessary to 
acquire a third (intermediate) image to measure clearance 
for clinical purposes. 
Variables associated with coronary artery disease. Of 
the six thallium variables compared by stepwise logistic 
regression analysis, three were included in a model of coro•
nary disease probability: initial thallium uptake by method 
A and both methods of determining redistribution. Neither 
of the two methods of determining thallium clearance im•
proved the ability to predict the probability of coronary 
artery disease once initial thallium uptake and redistribution 
were included. When redistribution data were deliberately 
excluded from the analysis, only clearance method A was 
included; however, the sensitivity was not as high as when 
redistribution was included. Clearance method A was there•
fore superior to clearance method B. a finding consistent 
with experimental data indicating that thallium myocardial 
clearance is monoexponential and not linear (32). 
Initial thallium uptake by method A was the single most 
important marker of coronary artery disease. All but 15 
patients with coronary disease had decreased initial uptakes. 
Ten of these 15 had one vessel disease and none had three 
vessel or left main disease. Using this method, a segment 
was abnormal if activity in that segment fell below a thresh•
old determined from normal subjects. This method was su•
perior to method B. which compares activity in one segment 
with that in adjacent segments. This is not unexpected be•
cause in the latter method, an abnormal segment may appear 
to be normal, if adjacent segments are also abnormal. There•
fore, when criteria from clinically normal subjects are used 
to define normality. nearly all catheterized patients with 
coronary artery disease have one or more abnormal initial 
segments. Measurement of redistribution or clearance does 
not improve sensitivity, but it improves specificity. 
Although thallium myocardial clearance is considered 
an important variable (J 5-17,20), in our study clearance 
had no added utility in detecting disease once redistribution 
was included. Only IO patients with coronary disease dem•
onstrated abnormal thallium clearance by method A without 
having abnormal initial thallium uptake; none had three 
vessel or left main disease. Thus, although globally de•
creased but normally appearing myocardial perfusion with 
abnormal thallium clearance in patients with three vessel or 
left main disease is possible (20,31), its occurrence is rare. 
Observer variability. Previous reports (13,14) have 
shown a relatively large observer variability in the quali•
tative assessment of thallium images. Averaging the score 
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of four experienced observers is one method of overcoming 
this problem ( 14). In most clinical situations it is not possible 
for four experienced observers to interpret all thallium im•
ages. Our study demonstrates a negligible difference be•
tween two observers using the computer method. The largest 
error was seen in the basal segments, probably because of 
variability in defining the outflow tract. This could be ex•
pected because there was observer interaction with the com•
puter in defining and removing the valve planes. In contrast, 
Maddahi et al. (18) found considerable observer variability 
with their quantitative method, which was greatest in the 
apical segment. In their method, the operator manually iden•
tifies the apex as angle (J to generate a circumferential profile 
of thallium activity and to align the initial and delayed 
images. Precise definition of the apex may be difficult, 
especially if the apex is infarcted or thinned. In our study, 
the negligible observer variability may be due in part to 
automatic realignment of initial and delayed images and to 
the segmentation process in which data over a substantial 
portion of the myocardium are averaged to minimize sta•
tistical fluctuations. 
Because of our observation that the greatest observer 
error occurred in the basal segments, we examined the data 
to determine whether five segments in each view are required 
or if three segments (excluding the basal segments from 
analysis) are adequate for detection of coronary artery dis•
ease. The results indicate that three segments are actually 
superior to five, because specificity improves from 70 to 
80%. Therefore, we favor using only three segments in each 
view. 
Conclusion. This study demonstrates that computer 
quantification of exercise thallium images is optimized for 
the detection of coronary artery disease by incorporating a 
combination of variables in a mathematical model of disease 
probability rather than the use of a single variable. This 
approach is objective and has low observer variability. 
Appendix 
Details of the Computer Analysis of 
Thallium Images 
1) Placement of the elliptical region of interest. This first step 
is the only one requiring observer interaction. An ellipse is placed 
outside the left ventricle in either the initial or delayed image in 
each view. The outer ellipse is defined when the operator selects 
the X, Y coordinates of the center of the image in a 64 x 64 pixel 
matrix, and the length in pixels, width in pixels and angle of 
rotation (9) between the long axis of the ellipse and the vertical 
line in the upper half of the matrix (Fig. I). The ellipse is adjusted 
so that its edge is one pixel outside of myocardial activity (Fig. 
2A). The operator then chooses an appropriate myocardial thick•
ness (t pixels) and a second smaller inner ellipse concentric with 
the first and outlining the endocardial surface of the left ventricle 
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is formed automatically (Fig. 2B). The outflow tract and valve 
planes of the left ventricle are then identified by the operator and 
this portion of the ellipse is omitted from subsequent analysis (Fig. 
2e). An ellipse was selected as a better shape for the region of 
interest to approximate left ventricular shape than the circle and 
rectangle, which are used by other investigators (16,18,19). 
2) Registration of serial images. After the elliptical region 
of interest is placed on one image, the computer automatically 
realigns the subsequent images in that view by cross correlation 
so that they are fitted within the same elliptical region of interest. 
The images are first smoothed as an approximation of a filtering 
operation that minimizes the effect of Poisson noise on the cor•
relation. A search for the shift and rotation of the other image is 
then performed to maximize the correlation of the activities be•
tween the points within the first image and corresponding points 
in the shifted and rotated other image. The correlatIOn (e) is defined 
by the following equation: 
e = l (An)(Bn) 
V (2:An 2)(2:Bn 2)' 
where An and Bn are the counts in corresponding positions within 
the ellipse in the initial image and the shifted and rotated delayed 
image, respectively. The delayed image is shifted and rotated so 
that the correlation between these images is maximized, placing 
it in optimal registration with the first image. The angle that the 
second image was rotated is noted. 
When comparing serial images, precise registration is important 
to overcome changes in patient position within the imaging field. 
Most methods realign images by manually placing similar regions 
of interest at the apex or center of the left ventricle on serial images 
(18,19). Our automatic realignment approach is similar to that of 
Berger et al. (17) and avoids observer interaction. 
3) Background subtraction. After the serial images are reg•
istered, a "background" ellipse, lying two pixels outside the outer 
ellipse, is automatically placed. All points on the perimeter of the 
background ellipse 0) are considered to be background. For each 
pixel (p) within the myocardial region of interest, the background 
(Bp) is estimated from a weighted sum of the activity values of 
all points (A.) on the perimeter of the background ellipse using 
the following equation (Fig. 3): 
B = 2: (A,)(W,p) 
p 2: (W,p) , 
where W,p (weighting constant) is related to the distance (d,p) 
between the myocardial pixel (p) and background pixel (i) and to 
the angle (9,p) between the pixel (p) and two perimeter points on 
either side of i: 
W,p = (9,p)(l - d,/Lm,,), 
where Lm", is the length of the long axis of the background ellipse. 
The weighting factor falls off linerly with distance, thereby giving 
less weight to distant background activity. In addition, to com•
pensate for the fact that there are more distant background pixels 
than nearby background pixels, the weighting factor also dimin•
ishes as the angle subtended by adjacent background pixels di•
minishes. Estimated background activity is then subtracted from 
myocardial activity. 
4) Segmentation and determination of regional myocardial 
activity. Left ventricular myocardial thallium activity in each im•
age is computed at approximately 128 equally spaced points around 
the ellipse. Activity at each point is the running average of the 
three consecutive hottest pixels along inwardly directed lines per•
pendicular to the outer ellipse. This averaging produces a statis•
tically more reliable sample of transmural myocardial activity than 
is obtained by using a single peak pixel, but this averaging could 
also be accomplished by smoothing the image. Activities from the 
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left ventricular cavity and inflow and outflow tracts as defined by 
the operator are excluded from analysis (Fig. 2C). In addition, the 
perimeter of the ellipse is divided into five equal segments and 
designated segments one to five in a clockwise manner (Fig. 4). 
Circumferential profile activity and average circumferential profile 
activity in each segment are computed and are expressed relative 
to the hottest point on the circumferential plot on the initial image, 
which is set at 100. 
In several other methods (15,18,19) the center of the left ven•
tricle is first defined by the operator. The computer then searches 
outward from the center and selects the activity in a pixel within 
the myocardium and a circumferential activity profile is generated. 
Instead. our method starts at the outer edge and searches inward 
perpendicular to the edge of the ellipse and not necessarily toward 
the center of the ellipse. In addition, using an average value of 
the circumferential profile within each of five segments decreases 
the number of variables to a more manageable level, which en•
hances statistical certainty. Segmentation of the elliptical perimeter 
would seem to be less susceptible to artificial divisions than seg•
mentation with constant angles from the center of an elliptical 
structure, such as the left ventricle. In particular with our method, 
the division incorporating the apex (specified by observer place•
ment of the angle of the long axis) always was one-fifth of the left 
ventricular region of interest and was specified as segment three. 
5) Regional myocardial thallium-201 clearance. Regional 
nonnormalized background-subtracted thallium-201 count activity, 
in counts per pixel, is computed separately in each left ventricular 
segment of the initial and delayed images. The clearance rate in 
each segment is calculated by fitting a monoexponential curve to 
the initial and delayed regional averaged thallium activity with 
zero activity occurring at infinite time and expressed as half-time 
(tw! in hours (Fig. 5): 
(II - tl)ln 2 
In [(Atl)l(A,z)]' 
where At! and A,z are the measured activity in the initial and 
delayed images and tl and t2 are the times when the initial and 
delayed images are recorded. Other investigators (17-19) have 
used percent myocardial thallium washout to assess the clearance 
of thallium from the myocardium. This method assumes that the 
washout is linear and linked to a certain time. For example, percent 
washout at 3 hours will be a different value from that at 4 hours. 
Expressing clearance as half-life of thallium in the myocardium 
avoids a particular time factor. The monoexponential fit is con•
sistent with experimental data (32) that normal thallium myocardial 
clearance is monoexponential. 
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